data, the order of mean 25OHD levels and vitamin D sufficiency rates by race/ethnicity was: non-Hispanic white (NHW) > Mexican American (MA) > non-Hispanic black (NHB) and sufficiency rate was as low as 2.8% for NHB 12-19 years old. The order of vitamin D deficiency rates by race/ethnicity was: NHB > MA > NHW and deficiency rate was as high as 17% for 20-64 years old NHB. Females had higher mean 25OHD levels than males except for age groups 6-11 and 12-19 years old. Females had higher vitamin D deficiency rates than males and the deficiency rate for females was as high as 4.5% for those aged 12-19 and 65+ years old. Females had higher sufficiency rates than males except for 6-11 years old and the sufficiency rate for females was as high as 47.2% for 65+ years old. Recent release of 25OHD data from NHANES for 2001-2006 was not found to be compatible with 2007-2010 NHANES data.
Introduction
Vitamin D is produced endogenously when ultraviolet rays from the sun strike the skin and trigger vitamin D synthesis [1] . Vitamin D is also present in certain foods like swordfish, tuna fish, orange juice fortified with vitamin D, fortified milk, yogurt, sardines, eggs, cheese, ready-to-eat cereals fortified with vitamin D and others [1] . Vitamin D may RESEARCH ARTICLE also be obtained from dietary supplements. Vitamin D obtained from food, sun exposure, and supplements must go through two hydroxylations to become active [2] . Vitamin D is converted to 25-hydroxyvitamin D (25OHD) in the liver and to 1,25-dihydroxyvitamin D or 1,25(OH)2D in kidney [2] . The active form of vitamin D or 1,25(OH)2D plays an essential role in calcium and phosphorus homeostasis, bone mineralization, and skeletal growth [3] . Recently, there has been substantial interest in the role of non-skeletal medical conditions [4] as discussed later on. Vitamin D should no longer be thought of just as a nutrient necessary for the prevention of rickets among children but also essential for overall health and well-being of humans [5] .
Data from National Health and Nutrition Examination Survey (NHANES, www.cdc.gov/nchs/nhanes.htm), conducted by the US Centers for Disease Control have been comprehensively used to assess associations between 25OHD levels and a variety of health conditions. NHANES provided data on 25OHD in serum for NHANES III conducted during [1988] [1989] [1990] [1991] [1992] [1993] [1994] measurements were based in a LC-MS/MS assay. However, in order to enable researchers to study trends in 25OHD levels across the full spectrum of NHANES years, namely, from 1998 to 2010, selected serum samples from 1988-1994, 2001-2002, 2003-2004, and 2005-2006 were also analyzed by LC-MS/MS based assay [6] used for 2007-2010 data. Regression equations were developed to covert RIA based measurements to LC-MS/MS based measurements and these equations were used to obtain derived data for [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] and these derived data were released in public domain in October 2015 [6] . Consequently, derived data for [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] and direct measurement data for 2007-2010 can be used to study trends in 25OHD measurements across 1988-2010. However, for those interested in direct RIA data, RIA based data for 1988-2006 are also available. As of the writing of this manuscript, no research has been published that has used LC-MS/MS data for 1988-2010. However, in the past there have been quite a few publications that have used RIA based data for 1988-2006 NHANES.
Bone mineral density was found to significantly decrease as serum 25OHD and calcium intake declined among non-Hispanic whites and Mexican Americans, but not among non-Hispanic blacks; however, levels of parathyroid hormones may modify this relationship [7] . Christensen and Scragg [8] showed an inverse relationship between serum 25OHD levels and fasting glucose, fasting insulin, and diabetes risk among non-Hispanic whites and Mexican Americans but not in non-Hispanic blacks.
McDonnell et al. [9] reported incidence rate of type 2 diabetes in Grassroots Health cohort with median serum 25-hydroxyvitamin D of 41ng/ml at 3.7/1000 population and 9.3/1000 population in NHANES 2005-2006 cohort with median of 22ng/ml. Choi et al. [10] reported serum vitamin D concentrations to be associated with high risk of diabetes mellitus in Korean adults and the concentration of vitamin D was inversely associated with insulin resistance in those who were overweight or obese. Kabadi et al. [11] used data from NHANES [2001] [2002] [2003] [2004] [2005] [2006] to show that abdominal obesity and insufficient vitamin D interact to synergistically influence the risk of insulin resistance. Memory problems were reported by diabetics with lower vitamin D levels [12] .
Based on NHANES data from 2001-2006, Ganji et al. [13] reported the likelihood of having metabolic syndrome among adolescents to be significantly higher among those in the first tertile of 25OHD than those in the third tertile of 25OHD. Maki et al. [14] concluded that higher 25OHD levels, and, to a lesser degree, greater dietary vitamin D intake, are associated with decreased incidence of metabolic syndrome.
Frei et al. [15] showed inverse relationships between vitamin D serum concentrations and allostatic load. Quraishi et al. [16] reported inverse association between vitamin D levels and history of community acquired pneumonia. Mitro and Zota [17] showed an association between 25OHD levels and uterine leiomyomata among non-Hispanic white but not non-Hispanic black females. Levels of 25OHD <30 ng/mL were reported to be associated with 58% higher odds of acute respiratory infections (OR 1.58; 95% CI: 1.07-2.33) compared with 25OHD levels ≥30 ng/mL [18] . Hendryx and Luo [19] reported on beneficial effects of vitamin D levels on respiratory problems and chronic obstructive pulmonary disease but partially attenuated as a combined result of leukocytes, alkaline phosphatase, and C-reactive protein. Among 417 stroke survivors, 71% were reported to have vitamin D deficiency [20] . Atkinson et al. [21] reported healthy children and adolescents aged 1-21 years with vitamin D deficiency to be at a higher risk of anemia as determined by hemoglobin levels. Fiscella et al. [22] suggested suboptimal vitamin D status may contribute to racial disparity in albuminuria. He and Scragg [23] used NHANES data for [2003] [2004] [2005] [2006] for adults aged >= 20 years and showed a strong inverse association between 25OHD levels and systolic blood pressure and also with diastolic blood pressure but the association was not that strong and the association between 25OHD and blood pressure was attenuated by the levels of parathyroid hormones. Williams et al. [24] also showed a significant inverse relationship between 25OHD levels and systolic blood pressure and a positive relationship with HDL-C among adolescents but also suggested higher calcium levels to be a more important predictor of cardiovascular risk. Liangpunsakul and Chalasani [25] suggested a significant inverse relationship between serum vitamin D levels and unexplained elevation in ALT. Wilhelm-Leen et al. [26] reported an inverse association between 25OHD levels and frailty among older adults. Frieri and Valluri [27] reported vitamin D deficiency to be positively correlated with prevalence of allergies including allergy subtypes such as rashes, sneezing, and sinus infections. Skversky et al. [28] found steroid use to be independently associated with vitamin D deficiency. Soderstrom et al. [29] found vitamin D insufficiency to be associated with self-reported peripheral neuropathy symptoms. Zhang et al. [30] found that children aged 7-17 years with psychiatric disorders might have a higher prevalence of hypovitaminosis D than the general pediatric population. Milman et al. [31] reported higher levels of vitamin D to be associated with delayed ageing because vitamin D levels may delay cognitive impairment.
Mortality linked NHANES data files have been used to evaluate association between 25OHD levels and all cause as well as cause specific mortality. Mortality linked data files provide follow up mortality data on those who previously participated in NHANES surveys. Schmutz et al. [32] showed low levels of 25OHD to be associated with higher mortality rates of all-cause, cardiovascular (CVD) and non-cancer and non-CVD causes but not cancer mortality. Zhao et al. [33] also reported an inverse association between vitamin D levels and all-cause and CVD mortality among adults with hypertension in the US. Deng et al. [34] reported that the link between 25OHD levels and mortality, particularly due to CVD and colorectal cancer, may be modified by magnesium intake, and the inverse association was primarily present among those with magnesium intake above the median. Fan et al. [35] , however, did not find an association between vitamin D intake levels and CVD mortality except for a mild protective effect among females and non-Hispanic whites. Cheng and Neuhouser [36] also reported an inverse association between vitamin D levels and lung cancer mortality but found this association to be diluted among those with excess circulating vitamin A or vitamin A/β-carotene supplement users. Michos et al. [37] reported vitamin D deficiency to be associated with an increased risk of stroke death in non-Hispanic whites but not in non-Hispanic blacks. Freedman et al. [38] used mortality linked data from NHANES 1988-2006 and concluded that their results did not support the hypothesis that 25OHD is associated with reduced cancer mortality, although cancer mortality in females was inversely associated with 25OHD in the summer/higher latitude group, cancer mortality at some sites increased among men with higher 25(OH)D levels.
Ovarian cancer cases were found to have lower serum 25OHD than the general population [39] .
Ginde et al. [4] [40] reported that there was a change in the DioSorin RIA kits used over 1988-2004 because during the later years a new antibody with improved binding was introduced and detergents were added to a buffer to reduce nonspecific binding. They [40] also reported that to obtain corrected values for 1988-1994, they be multiplied by 0.8429. If that was to be so, reported mean of 30 ng/mL for 1988-1994 will be corrected to 25.2 ng/mL or just about the same as for 2001-2004.
Ganji et al. [41] used these corrected values for 1988-1994 data but still reported geometric mean (GM) for 25OHD for 2001-2006 to be lower when compared with 1988-1994 by 9% in all participants, 12% in males, 14% in non-Hispanic blacks, 16% in 12-15 year olds, 16% in 20-30 year olds, 13% in non-supplement users, and 12% in those with body mass index > 80 th percentile. They [41] reported prevalence of 25OHD < 30 nmol/L increased by 5 to 10% in all participants. However, it should be noted all data reported by Ganji et al. [41] as well as by Ginde et al. [4] are based on direct 25OHD measurements by a radioimmunoassay. In addition, while Ganji et al. [41] did use assay corrected values for 1988-1994, it does not look like they accounted for drifts in RIA assay performance over 2001-2006 as reported by CDC [6] . Background exposure to certain organochlorine pesticides was reported to be associated with vitamin D deficiency by Yang et al. [42] . Manavi et el. [43] reported an association between smoking as measured by serum cotinine levels and 25OHD levels since non-Hispanic black active females smokers were found to have lower levels of 25OHD (13.4 ng/mL) than Hispanic (19.2 ng/mL) and non-Hispanic white (24.9 ng/mL). Using NHANES data for 2003-2006, vitamin D intake was reported to highest among >= 19 years old NHW as compared to NHB and MA [44] . Karalius et al. [45] reported 4.61% of children and adolescents aged 6-18 years at increased risk of vitamin D deficiency and 10.3% at the risk of vitamin D inadequacy. Wallace et al. [46] showed that low-income, overweight, and/or obese minority populations may be at an elevated risk of calcium and vitamin D [47] reported mean 25OHD levels to be 50.5 nmol/L among Mexican Americans, 35.9 nmol/L among non-Hispanic blacks, and 65.0 nmol/L among non-Hispanic whites. Collins-Fulea et al. [48] , among females who have given birth to a child, reported data on the highest percentage of women who were vitamin D deficient (defined as < 20 ng/mL) to be Middle Eastern (91.8%), African American (81.6%), and Asian (74.3%).
While CDC [6] , based on selected number of samples from levels. This will be done by comparing upwards and/or downward shifts in mean 25OHD measurements as well as vitamin D deficiency and sufficiency rates. Secondarily, variability in 25OHD levels and vitamin D deficiency and sufficiency rates by age, gender, and race/ethnicity, in particular, for 2007-2010 data will also be studied. The sampling plan for NHANES generates data which are representative of the civilian, non-institutionalized U.S. population. Sampling weights are created in NHANES to account for the complex survey design, including oversampling, survey non-response, and post-stratification. All analyses conducted for this study incorporated sampling weights and design characteristics like information on stratification and clustering.
Materials and methods

Data source and data description
Laboratory methodology
For 2001-2006, a two-step Diasorin assay was used to measure 25OHD. In the first step, 25OHD metabolites were extracted from serum with acetonitrile. In the second step, the serum sample was assayed using an equilibrium radioimmunoassay (RIA). 
Statistical Analysis
For each of the age groups listed in Section 2.1 and each two year survey period, the following statistics by gender (males, females) and race/ethnicity (non-Hispanic white or NHW, non-Hispanic black or NHB, Mexican Americans or MA, and other unclassified race/ethnicities or OTH) were computed: (i) unadjusted means with 95% confidence intervals and time trends for 25OHD, (ii) vitamin D deficiency rates defined as 25OHD < 25 nmol/L and time trends in vitamin D deficiency rates, and (iii) vitamin D sufficiency rates defined as 25OHD >= 75 nmol/L and time trends in vitamin sufficiency rates. All analyses were done using SAS University Edition software (www.sas.com).
Results
Variability and trends in unadjusted means (UM) for 25OHD over 2001-2010
Among children and adolescents, usually, males had higher levels of 25OHD than females irrespective of the study period. For example, among 6-11 years old, for 2009-2010, UM for males was 74.3 nmol/L and 69.6 nmol/L for females (Table 2) 
Prevalence of vitamin D deficiency defined as 25OHD < 25 nmol/L
Irrespective of gender and race/ethnicity, prevalence of vitamin D deficiency among children aged 6-11 years was < 1% except that for NHB, prevalence of vitamin D deficiency was as much as 2.2% and no trends in prevalence of vitamin D deficiency were observed over the study period of 2001-2010 (Table 3) . Among adolescents, prevalence of vitamin D deficiency was as much as 5.6% for males, females, NHW, MA, and OTH but among NHB adolescents, prevalence of vitamin D deficiency was ≥ 10% for every two year study period and prevalence of vitamin D deficiency was 1.4% to 3.3 % among female adolescents as compared with male adolescents. In addition, among NHB adolescents, prevalence of vitamin D deficiency was as high as 18% for 2003-2004 and 2007-2008 but no time trends were observed (p=0.85, Table 3 ).
Among adults aged 20-64 years old, prevalence of vitamin D deficiency was higher for females by as much as 3.4% (for 2003-2004 ) when compared with males (Table 3) . Prevalence of vitamin D deficiency was substantially higher among NHB when compared with NHW, MA, and OTH. The difference between prevalence of vitamin D deficiency for NHB when compared with NHW was 14.6%, 18.1%, 10.4%, 18.4%, and 14.5% for 2001-2002, 2003-2004, 2005-2006, 2007-200 , and 2009-2010 respectively or prevalence of vitamin D deficiency among NHB adults was at least 10% higher than among NHW adults ( Table 3 ). The prevalence of vitamin D deficiency among MA was higher than NHW but substantially lower than NHB. Similar data were observed for the senior citizens but the difference in the 
Prevalence of vitamin D sufficiency rates defined as 25OHD ≥ 75 nmol/L
Among children aged 6-11 years old, the prevalence of vitamin D sufficiency varied between 30% and 43.4% among males and females but there were substantial racial/ethnic differences in prevalence of vitamin D sufficiency (Table 4) . While the prevalence of vitamin D sufficiency varied between 45.7% and 57.1% among NHW children, prevalence of vitamin D sufficiency was almost less than 20% of this for NHB varying between 5.6% and 11.7%, and the prevalence of vitamin D sufficiency was lower for MA than NHW but higher than for NHB (between 14.8% and 22.6%). A note must be made of the fact that irrespective of race/ethnicity, the prevalence of vitamin Table 4 ). While the prevalence of vitamin D sufficiency for NHW varied between 22% and 53.4%, the prevalence of vitamin D sufficiency for NHB were less than half of what it was for NHW, varying between 5.4% and 23.5% (Table 4) .
Comparison of the prevalence of vitamin D deficiency and sufficiency between 2001-2006 and 2007-2010
While there were no statistically significant differences in Table 5 ). For adults and senior citizens also, sufficiency rates were usually higher for 2007-2010 than for 2001-2006 and usually, statistically significant differences were noted (Table  5) . At times, differences between sufficiency rates were substantial. For example, for female adults, sufficiency rates (Table 1) used to analyze these data, it is unlikely that a natural shift in sufficiency rates from 47. (Table 1) used to analyze these data and a variability of less than 6.1% (Table 4) 
Discussion
Compatibility of derived measurements for 2001-2006 25OHD data with LS-MS/MS measurements
The differences between the observed trends in 25OHD means, vitamin D deficiency, and sufficiency rates could be due to "true" differences between [13, 41] can be used to accomplish this.
For both males and females, UMs for 25OHD for 2001-2006 by race/ethnicity for those aged >= 2 years reported by Ganji et al. [41] as per their Supplemental Table 1 were in the order NHW > MA > NHB and the ratios of UMs for NHW divided by UMs for MA and NHB for males were 1.78 and 1.29 respectively and for females, these ratios were 1.94 and 1.28 respectively. For the data for 2007-2010 (Table  6 ), the order of UMs by race/ethnicity was still NHW > MA > NHB and these ratios for both males and females combined for those aged >= 6 years were 1.65 and 1.36 respectively meaning ratio of NHW to NHB UMs for this study was lower than reported by Ganji et al. [41] and the ratio of NHW to MA was higher than reported by Ganji et al. [41] . The ratios of male to female UMs as reported by Ganji et al. [41] Ganji et al . [41] may be partly responsible for this.
Vitamin D deficiency rates defined as 25OHD < 25 nmol/L
For both males and females, vitamin D deficiency rates for 2001-2006 by race/ethnicity for those aged >= 2 years reported by Ganji et al. [41] as per their Supplemental Tables  2 and 3 (Table 6 ), the order of vitamin D deficiency rates by race/ethnicity was still NHB > MA > NHW and these ratios for both males and females combined for those aged >= 6 years were 4.93 and 14.8 respectively meaning ratio of NHB to NHW vitamin D deficiency rates for this study for males and females combined was slightly lower than those reported by Ganji et al. [41] for males but substantially higher than those reported by Ganji et al. [41] for females. However, the ratio of NHB to MA combined for males and females seems to be similar to what was reported by Ganji et al. [41] . It should, however, be noted that vitamin D deficiency rates for female NHBs reported by Ganji et al. [41] was 25% which is substantially higher than the highest vitamin deficiency rate of 17% for 20-64 years old NHB.
The ratios of male to female vitamin D deficiency rates as reported by Ganji et al. [41] were 0.5, 0. [41] reported vitamin D deficiency rate of 8% for females aged 16-19 and 20-30 years old but the highest deficiency rate for females for this study was 4.5% for females aged 65+ years.
As could be inferred from conversion equations released by CDC [6] and as could be seen from Table 2 , LC-MS/MS measurements are higher than RIA measurements. This could mean deficiency rate cut offs should be set at a higher level for LC-MS/MS measurements than for RIA measurements. However, neither ODS [1] nor Institute of Medicine [2] specifies the assay for which their recommended cut offs are valid. This should be a work for future.
Vitamin D sufficiency rates defined as 25OHD ≥ 75 nmol/L
Supplemental Tables 2 and 3 of Ganji et al. [41] provide data on percent participants with 25OHD levels < 75 nmol/L which if subtracted from 100 will provide data on percent participants with 25OHD levels >= 75 nmol/L or vitamin D sufficiency rates. For both males and females, vitamin D sufficiency rates for 2001-2006 by race/ethnicity for those aged >= 2 years reported by Ganji et al. [41] as per their Supplemental Tables 2 and 3 were in the order NHW > MA > NHB and the ratios of vitamin D sufficiency rates for NHW divided by vitamin D sufficiency rates for MA and NHB for males were 2.5 and 7.5 respectively and for females, these ratios were 2.9 and 10.7 respectively. For the data for 2007-2010 (Table 6 ), the order of vitamin D sufficiency rates by race/ethnicity was still NHW > MA > NHB and these ratios for both males and females combined for those aged >= 6 years were 3.5 and 5.8 respectively meaning ratio of NHW to NHB sufficiency rates for this study was lower than reported by Ganji et al. [41] and the ratio of NHW to MA was higher than reported by Ganji et al. [41] .
The ratios of male to female sufficiency rates as reported by Ganji et al. [41] were 1.17, 1.14, 1.53, 0.89, 0.66, 0.96, 1.05, and 1.00 for those in the age groups 2-5, 6-11, 12-15, 16-19, 20-30, 31-50, 51-70, and > 70 years respectively. For this study male to female ratios for sufficiency rates for 2007-2010 (Table 6) 31 .9% for males and 38.9% for females (Table 6) . Thus, sufficiency rates were substantially higher for the 2007-2010 data than for 2001-2006 data. This, as previously alluded to, calls for assay based cut off points for defining vitamin D sufficiency rates.
Summary and conclusions
Based on assaying selected number of serum samples for 25OHD measurements on both RIA used for In general, based on the analysis of 2007-2010 data, (i) the order of mean 25OHD levels and vitamin D sufficiency rates defined as 25OHD >= 75 nmol/L by race/ethnicity was: NHW > MA > NHB and sufficiency rate was as low as 2.8% for NHB 12-19 years old and as high as 56.8% for 6-11 years old NHW, (ii) the order of vitamin D deficiency rates defined as 25OHD < 25 nmol/L by race/ethnicity was: NHB > MA > NHW and deficiency rate was as low as 0% for 6-11 years old NHW and as high as 17% for 20-64 years old NHB, (iii) females had higher mean 25OHD levels than males except for age groups 6-11 and 12-19 years old, (iv) females had higher vitamin deficiency rates than males and the deficiency rate for females was as high as 4.5% for those aged 12-19 and 65+ years old, and (v) females had higher sufficiency rates than males except for 6-11 years old and the sufficiency rate for females was as high as 47.2% for 65+ years old.
Conflicting interests
The authors have declared that no conflict of interests exist.
